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Outline 

1. Brief review of surface ODEs  
– overview 

– sources of halides 

– issues for lab, model, and observation 

 

2. Few highlights of recent case studies 

 

3. Challenges & opportunities for observation 
group 
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Reviews of surface ODEs 
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Overview of surface ODEs 
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Simpson et al., 2007 

• Polar spring 
• Depleted surface ozone 
• Increased BrO/halogen 



Simpson et al., 2007 

Sources of halides in the polar 
boundary layer 
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Sources of halides in the polar 
boundary layer 

Abbatt et al., 2012 
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To understand the ODEs 

Observation 

Model 

Lab 
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Field in the lab 

Lab in the field 

• We need to understand issues for each sub-field 



Simpson et al., 2007 
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Issues for observations 

• Schematic diagram of the major halogen-related reactions 



Issues for observations 

Instrument Species/products/pros Limits 

Ozonesonde O3 profile (surface - ~30 km) Temporal coverage (eg. 2/day) 

UV  photometric  monitor In-situ ozone measurements in 
snow and surface 

Spatial coverage (eg. limited by tower 
height) 

 

Ultraviolet differential 
absorption lidar (DIAL) 

O3 profile (few km - ) Depend on setup, may have low 
sensitivity in boundary layer/ limited by 

weather condition …  

MAX-DOAS BrO profile Low vertical resolution (optimal 
estimation, DOF ~ 2) 

Longpath-DOAS BrO, IO, and ClO Depend on setup, may not provide 
vertical profile 

 Chemical ionization mass 
spectrometer 

Br2, HOBr, BrCl, and Cl2 Spatial coverage  

Sun photometer AOD, solar flux - 

UV Satellite O3, BrO, and IO No profile information, need caution 
when derive VCDtrop 

Examples of field observations … 

• Only a small fraction of the halogen compounds thought to be involved in the 
chain reactions has been detected in field measurements 
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Issues for observations 

Cao et al., 2016 Simpson et al., 2007 
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• Field measurements often only give brief observations of the chemical composition with 
a poorly determined history of the air mass (Simpson et al., 2007). One benefit of models 
is that the whole life cycle of ODEs and the shift in elemental speciation and oxidants can 
be investigated.   



Helmig et al., 2012 

Zhao et al., 2016 
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• Need observations of other 
bromide and chloride species in 
ODEs in sub-ppbv ozone 
condition 



Issues for models 

• Need more constraints from observation 
– Only a small fraction of the halogen compounds thought to be 

involved in the chain reactions has been detected in field 
measurements to date 

• Need more measurement data for evaluation 

• Missing data on reaction kinetics, in particular the 
temperature dependence of some key reactions 

• Need more detailed description of processes in and on the 
snow (and aerosol) 

• Representation of aerosols 

• Representation of the very shallow polar boundary layer 
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Issues for lab 

• Need to understand 
chemistry above ice/snow 
surfaces 

• Need to understand the 
microstructural distribution of 
impurities on ice surfaces 

• Many of the rate constants 
used in modeling of the 
halogen chemistry need 
better measurements and 
better definition of their 
temperature dependence 
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• Methods need to be developed 
to determine in-situ properties 
of ice surfaces, such as the 
effective pH of ice surfaces 
 



Outline 

1. Brief review of surface ODEs & issues for lab, model, 
and observation 

 

2. Few highlights of recent case studies  
– Ozone in the snow (model vs. measurements) 

– Partitioning halogen species (model constrained by 
measurements) 

– Modeled and MAX-DOAS BrO profile comparison, 
blowing snow & shallow boundary layer 
 

3. Challenges & opportunities for observation group 
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Thomas et al., 2011 15 

Example cases 
 Barrow,  Alaska, April 2009 

Summit,  Greenland, June 2008 

Helmig et al., 2012 

• Ozone in the snow during ODE 



16 Thompson et al., 2015 

Example cases 

• Partitioning halogen 
species (model constrained 
by measurements) 
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Abbatt et al., 2012 

Example cases 

• Modeled and measured BrO profile comparison 
• Blowing snow & shallow boundary layer 

 



Example cases 
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• Long-distance transportation (~1800km over 5 days) to Eureka indicated 

strong recycling of BrO within the bromine plume. 



19 Zhao et al., 2016 

• Observation of surface ODEs (with 
elevated BrO) in both blowing snow 
and stable shallow boundary 
condition 

• The chemistry-climate 
model successfully 
reproduced some of the 
main features (such as the 
vertical structure) of this 
BEE after including a 
bromine source from 
blowing snow related to 
sea-salt production. 



O3 + H2O + Delta D + trop heights at 
Eureka 2006-2014 

April 5, 2011 

April 6, 2011 

• Surface O3 depleted 
• Very low stratospheric O3 (polar 

vortex was above the site)  
increased UV radiation 

• Not an stratospheric intrusion 
• HDO depleted  ice clouds/ ice 

partials 
• Low H2O  

20 Preliminary work 

Example cases 

• Measurements of HDO also contain information about ice 
cloud formation and evaporation. When cloud ice forms, 
HDO is concentrated in the ice and the air is HDO 
depleted.  



Outline 

1. Brief review of surface ODEs  

 

2. Few highlights of recent case studies 

 

3. Challenges & opportunities for observation 
group  
– re-address some open questions related to 

observations 

– challenges & opportunities for observation groups 
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Open questions 

• Substrates for halogen activation 
– First-year sea ice 
– Frost flower 
– Salty snow (ground and lofted) 
– Aerosol 

• Active halogen sources 
– Inorganic vs. organic sources 

• Role of meteorology in boundary layer ozone loss 
– Initialization of ODEs 
– Transportation of ODEs 
– Termination of ODEs 

• Effects of climate change 
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Following the two review paper 



Arctic Ozone - Key Science Questions 

1. Are we measuring ozone with sufficient accuracy, geographical coverage and vertical resolution? (see 
also question 10) 

2. Why does the seasonal cycle vary across the Arctic? What are the processes that affect seasonal cycle? 
Can we identify how it changed over time from long-term measurements? 

3. What is the importance for classical NOx, VOC chemistry compared to halogen chemistry? 

4. Does ozone in the Arctic increase? 

5. Can we link changes in Arctic ozone to climate change? 

6. Are Arctic ozone changes influenced by the tropical and middle latitude emissions of precursors? Can we 
identify the origins of these sources by using complimentary and collocated measurements of carbon 
isotopes in the Arctic? 

7. Do forest fires impact surface ozone levels in the Arctic? 

8. How and where geographically do long transports of airmasses mix into the boundary layer? Are there 
deposition processes that impact ozone in airmasses during transport? 

9. How well can global transport and chemistry climate models simulate short-term and intra-annual 
variability in ozone within and above the boundary layer? 

10. What is the vertical distribution of ozone concentrations up through the troposphere? 

11. What do we need before we can formulate parameterization for ESM to catch the variability of ozone in 
Arctic? 

http://www.esrl.noaa.gov/psd/iasoa/node/160 
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Challenges & opportunities for 
observation groups 

• Need measurements of more species (Br, HOBr, IO, Hg, and 
etc …) 
– With only ozone (and BrO) measurements, we could not 

retrieve the big-picture of surface ODEs 

• Need improved vertical profiles  
– Ozone and halogen measurements in snow layers 
– Ozone and halogen measurements in UT-LS 

• Need improved spatial/temporal coverage 
• Need detailed meteorological measurements 

– Clouds condition/type 
– Aerosol type 
– UV radiation 
– Water vapor 
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Possible future topics 

• Conditions for the termination of ODEs 

• Link ozone vertical flux with halogen vertical 
flux 

• Long-term measurements for atmospheric 
mercury depletion events (AMDEs) 

• Organic halogen source 

•   … 
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Thank You 
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Picture of a blowing snow event at Eureka 


